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bad from a medical perspective
will depend on each pathogen’s
mode of action. But either way,
antimicrobial treatment represents
an ecological disturbance which
can strongly affect a pathogen’s
cooperation and, therefore, the
harm it causes. In the end though,
we return to the Anarchist Prince,
Kropotkin, who would probably
have very much approved of this
latest research development. Not
only does it cement the link
between ecology and sociality that
he found so striking, it does so in
among the smallest and simplest of
cooperators. So simple, one might
even call them pond-life.
‘‘.we must be prepared to learn
some day, from the students of
microscopical pond-life, facts
of unconscious mutual
support, even from the life of
micro-organisms.’’
Kropotkin, Mutual Aid, 1902
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Recent studies have revealed important new details of how
cytokinin-dependent mechanisms control plant growth. Intriguingly,
cytokinins are involved in both maintaining meristems and promoting
differentiation.Peter Doerner
Cytokinins were discovered 50
years ago as small adenine-derived
molecules essential for plant
growth and cell division [1]. The
last decade saw the discovery of
genes required for the synthesis,
degradation and perception of
cytokinins, and for their immediate
downstream transcriptional
effectors [2,3]. Despite these
advances, how cytokinins cause
changes to plant growth behavior
is still poorly understood. Four
new studies [4–7] have revealed
exciting new mechanistic details
of how cytokinins are required for
meristem maintenance, symbiotic
nodule formation and fordifferentiation at the apical end of
the root meristem.
The committing step of
cytokinin synthesis is catalyzed
by iso-pentenyl transferases,
optionally followed by
a cytochrome P450-dependent
hydroxylation reaction, after which
the sugar-phosphate moiety is
cleaved off to yield the active
cytokinin [3]. Cytokinins are
perceived by transmembrane
histidine kinase receptors (AHKs)
and the ensuing phosphorelay is
then transmitted to the nucleus
via AHP proteins to regulate the
activity of genes encoding
response regulators (ARRs) [2].
ARRs come in two flavors: the
B-type, which transcriptionallyregulate many genes, including
the A-type, which interfere with
AHP function to dampen the
level of responsivity to cytokinin.
Thus, the proximal cytokinin
effector network is constructed
with a negative feedback loop to
control the magnitude of
subsequent responses [2], and
this provides an elegant
mechanism for other inputs to
control cellular responses to
cytokinin [8].
Shoot apical meristem activity
requires high cytokinin levels, and
at least two components of the
meristem gene regulatory network
responsible for maintenance of
stem cells and their indeterminate
progeny are known: KNOX
transcription factors, which are
expressed in undifferentiated cells
of the meristem, activate the
expression of at least two genes for
iso-pentenyl transferases, while
WUSCHEL (WUS), which is
required to maintain the stem cell
niche of the shoot apical
meristem, negatively regulates
the expression of some genes for
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The first committing step, catalyzed by iso-pentenyl transferases (IPTs) is the addition
of an isoprenoid side chain (dimethylallyldiphosphate, DMAPP) to either ATP, ADP or
AMP, giving rise to isopentenyl 50 riboside tri- [di- or mono-] phosphate (iPRT(D,M)P).
For the synthesis of zeatins, this side chain is hydroxylated by a cytochrome P450 de-
pendent enzyme (CYP735A) to give trans-zeatin riboside 50 tri [di- or mono-] phosphate
(tZRT(D,M)P). Subsequent de-phosphoribosylation, resulting in the active cytokinin, is
catalyzed by the newly discovered LONELY GUY (LOG) gene product.A-type ARRs [8,9]. The
inactivation of multiple genes for
A-type ARRs causes a relatively
subtle phenotype [10], but
expression of a constitutively
active ARR has a strong meristem
phenotype [8]; the biological
functions of individual B-type
ARRs are not yet well known. A
further mystery is how exactly the
cellular machinery controlling
growth is engaged by the
cytokinin signaling network, but
it has been shown that
gratuitous cyclin D3 expression
in Arabidopsis mediates some
of the effects of cytokinin on
proliferation [11].
Kurakawa et al. [6] have now
discovered an essential novel
component of the cytokinin
biosynthetic machinery. They
identified the LONELY GUY (LOG)
locus, which is required for
meristem maintenance in rice.
In recessive log mutants, the
meristem prematurely terminates.
LOG is the founding member of
a small gene family found in both
rice and Arabidopsis and encodes
an enzyme which directly converts
biologically inactive cytokinin
nucleotides to active cytokinins.
It was previously thought that
this conversion was carried out
in a two-step reaction, but the
necessary enzymes had not
previously been identified
(Figure 1).
LOG is expressed specifically in
the stem cells of the shoot apical
meristem and their immediate
progeny, and together with the
earlier observation that KNOX
genes activate expression of
genes for iso-pentenyltransferases, this suggests that
these cells autonomously
produce cytokinins. This would
be advantageous on at least
three counts. It would provide
a positive reinforcement of the
functional identity of shoot apical
meristem cells by generating
a high cytokinin environment.
Moreover, it could provide
a mechanism for directly coupling
meristem activity to
environmental cues that promote
growth. For example, shoot apical
meristem activity is promoted by
abundant mineral nitrogen, nitrate
for example, and nitrate
promotes expression of genes
encoding iso-pentenyl
transferases [12]. Lastly, cytokinin
production by meristem cells
might highlight a salient feature of
meristem gene regulatory
networks: because plant cells are
not mobile, such paracrine
signaling may be essential to
coordinate growth and
proliferation in adjacent cells and
to maintain a homeostatically
stable cellular state.
Cytokinin is not only essential for
meristem maintenance, but also
involved in establishing new
meristems: for example, transgenic
plants overexpressing genes for
cytokinin oxidases, which are
involved in cytokinin degradation,
have increased lateral root
formation [13,14]. The nodules that
form as a consequence of
a symbiotic interaction between
nitrogen-fixing bacteria, such as
Rhizobium spp., and susceptible
plants, such as Lotus, recapitulate
many aspects of lateral root
formation (for example,stimulation of proliferation and
outgrowth from internal tissues of
the root; Figure 2). However,
nodulation responds in the
opposite manner to cytokinins:
cytokinin treatments stimulate
nodulation and transgenic plants
with reduced cytokinin levels, as
a result of overexpression of
genes for cytokinin oxidases,
produce significantly fewer
nodules [13].
Two groups [4,5] now report
that AHK cytokinin receptors are
crucial for the growth of nodules:
Tirichine et al. [4] identified
a gain-of-function allele,
spontaneous nodule formation 2
(snf2), of a Lotus japonicus gene
for a histidine kinase (Lhk1)
while Murray et al. [5] identified
a loss-of-function allele,
HYPERINFECTED 1 (HIT1), of the
same Lhk1 gene. In the snf2
mutant, spontaneous root nodule
formation is triggered, even in the
absence of Mesorhizobium
infection; while in the HIT1 mutant,
nodules cannot be established,
leading to a hyper-infected
phenotype of roots with
supernumerary infection threads.
Stimulation of nodule initiation
was shown to be genetically
downstream of nod factor
recognition, the earliest
detectable event following the
plant–microbe interaction at the
root epidermis. It will be intriguing
to dissect the downstream
cytokinin-responsive effector
network involved in nodulation in
detail, as this could provide
crucial information for
engineering nodulation in
crop plants not naturally
capable of symbiotic
nitrogen fixation.
Arabidopsis plants
overexpressing genes for
cytokinin oxidases have larger
root meristems and, because of
the larger population of
proliferating cells, more rapidly
growing roots, indicating that
cytokinins also regulate root
growth [14,15]. Dello Ioio et al. [7]
have now dissected this role of
cytokinins in greater detail. They
first showed that cytokinin
specifically affects cells exiting
the meristem (the transition zone),
but does not alter the rate
of proliferation in the zone of
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R323Figure 2. Distinct roles for cytokinin in root growth and development.
At the root apex, the stem cell organizer (quiescent center) and surrounding stem cells
(pink) are unaffected by cytokinin perception or signaling. Adjacent proliferating cells
(dark blue) are also not affected [7]. Proliferation in cells at the transition zone is spe-
cifically repressed by cytokinin perception, mediated by AHK3 and ARR1 and ARR12
[7]. In species that support symbiotic interactions, activation of nodule meristems is
promoted by cytokinins and constitutive activation of the response pathway is suffi-
cient to initiate and maintain nodule meristems [4].meristem with high levels of cell
division (Figure 2). As a corollary,
in iso-pentenyl transferase triple
mutants, which are severely
compromised in cytokinin
accumulation, root growth and
meristem size is strongly
enhanced. By spatially selective
expression of a cytokinin oxidase
gene in different domains of the
root meristem, the authors then
showed that cytokinin levels
specifically in the transition zone
control meristem size, while
reduced cytokinin in the
meristem has no effect on size.
At the tissue level, it suffices to
alter cytokinin levels in the
vasculature of the transition zone
to affect meristem size, while
changes in other tissues had
no effect.
Dello Ioio et al. [7] then
analyzed whether root growth rate
is controlled by any single
cytokinin receptor. They found that
the AHK3 cytokinin receptor
specifically mediates this effect of
cytokinin, while AHK2 and AHK4
had no significant effect on root
growth. They also found
evidence for a specific role of
B-type ARRs in controlling root
growth downstream of AHK3:
ARR12 mediates the increase in
meristem size early in seedling
development, while ARR1 acts
later to restrict meristem growth.
This makes ARR1 a prime
candidate for being the
mediator of metabolic and
environmental cues that affect
root growth.These exciting papers highlight
the significance and multiple roles
of cytokinins in coordinating
growth behavior in plants and
underscore the potential for
manipulating cellular responses to
cytokinin to alter plant growth and
improve crop productivity. Cynics
and old hands in plant biology will
chuckle and say that this just
confirms what they had been
saying for decades: counteracting
gradients of auxin and cytokinins
control root meristem activity. But
the big difference is that we now
know which genes are responsible
for the effects, permitting the
identification of their targets for
regulation. Undoubtedly, the
current gaps in understanding how
ARRs and other transcription
factors [16] mechanistically control
changes to growth behavior in
response to cytokinins will soon
be closed.
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